Reducing dilute aqueous HAuCl 4 with sodium thiocyanate (NaSCN) under alkaline conditions produces 2 to 3 nm diameter nanoparticles. Stable grape-like oligomeric clusters of these yellow nanoparticles of narrow size distribution are synthesized under ambient conditions via two methods. The delay-time method controls the number of subunits in the oligoclusters by varying the time between the addition of HAuCl 4 to alkaline solution and the subsequent addition of reducing agent, NaSCN. The yellow oligoclusters produced range in size from ~3 to ~25 nm. This size range can be further extended by an add-on method utilizing hydroxylated gold chloride (Na
Introduction
The use of gold nanoparticles as tools in both biomedical applications and basic research has grown tremendously over the past few decades. Few modern nanomaterials have been applied to so many diverse fields, finding their use in everything from solar panels to photothermal cancer treatment; from electrical to biological sensors; from chemical catalysis to drug delivery systems [1] [2] [3] [4] [5] [6] [7] . The interests in gold nanoparticles as tools in these areas are driven by the unique properties gold nanoparticles possess which include special structural, optical and electronic properties 8 .
There is an increasing use of gold nanoparticles 9, 10 in biological and chemical assays. Despite the availability of many sources for the purchase of gold nanoparticles, they come at a considerable price when compared to the cost of in house synthesis. The high cost of commercially available nanoparticles makes in house synthesis desirable. Our procedure involves synthesis of oligomeric nanoclusters made by small 2-3 nm spherical gold subunits. Having all of the advantages of classical gold nanoparticles, oligomeric nanoclusters are preferred choice when it comes to permeability or filtration rates measurements because their modular structure mimics the structure of proteins.
Currently, the most common approaches to the in house synthesis of gold nanoparticles involve the reduction of gold chloride (HAuCl 4 ) under aqueous conditions 11, 12 . Reduction of HAuCl 4 with common reducing reagents, such as sodium borohydride (NaBH 4 ) or sodium citrate, allows for the production of spherical nanoparticles 13 . Gold nanoparticles synthesized by these methods are limited in their useful size range, because they become sensitive to the presence of salts in biological buffers as their core diameters increase. A method has previously been described for the synthesis of yellow nanoparticles of 2-3 nm diameter from the reduction of HAuCl 4 with sodium thiocyanate under alkaline conditions 14, 15 .
Here, we describe a modification of that method which produces a grape-like oligocluster of the yellow nanoparticles without the need for additional capping agents. By simply varying the time between the addition of HAuCl 4 to alkaline solution and the subsequent addition of reducing agent, sodium thiocyanate, we are able to vary the resulting size of the gold particles from ~3 nm to ~25 nm. To produce larger particles, a simple add-on procedure can be used to grow these oligoclusters by the addition of hydroxylated gold (HG) to the as-synthesized oligoclusters in the presence of sodium thiocyanate. Using these two methods, we are able to reliably produce oligoclusters covering a range from ~3 nm to ~70 nm. The fact that this method allows well controlled synthesis of high quality gold oligoclusters under bench-top conditions with standard equipment and a limited number of reagents potentially extends the benefits of gold nanoparticles as a research tool to researchers with little or no expertise in chemical synthesis. 
Representative Results
The syntheses of gold oligoclusters were analyzed by gel electrophoresis (Figure 1 ) and transmission electron microscopy (TEM) (Figure 2 ). The size of GSH-coated oligoclusters can be monitored by electrophoresis as larger particles migrate less and appear darker. In addition, the quality of any given size preparation can be inferred by the broadness of the band seen after electrophoresis (i.e., for a given size, preparations with narrower size distributions will produce tighter bands than preparations of the same size with broader size distributions). ), where D is the mean diameter of gold oligoclusters in nm, D 0 is the minimum diameter (3.5 nm), a is the maximum increase in core size (20 nm), and b is 0.0021 sec -1 , as shown previously 16 . Predicted diameter for the add-on method is calculated taking into account that new nanoparticles cannot form from HG, rather it is deposited uniformly around preformed spherical seeds, thus making them larger. No other assumption is necessary. It can be easily seen that the diameter of oligoclusters formed by the add-on method is , where c HG and c Seeds are the concentrations of chloroauric acid used in making the solution of HG in add-on method and in making oligoclusters by the delay-time method, respectively. Similarly V HG and V Seeds are the corresponding volumes.
Discussion
This manuscript provides a detailed protocol for bench top synthesis of monodisperse gold oligoclusters (Figure 3) . The method is capable of producing a wide range of sizes by simply varying the time between the addition of HAuCl 4 ). This hydroxylation results in less HAuCl 4 being available, though the hydroxylation does not go to completion as it is an equilibrium reaction. The nucleation and formation of de novo gold monomers can only be initiated by HAuCl 4 . Hydroxylated gold is only capable of adding on to existing gold nanoparticles, resulting in the formation of gold oligoclusters; our add-on method takes advantage of this 16 . Oligoclusters formed with the delay-time method can be used as seeds upon which hydroxylated gold is deposited, thereby increasing the size of seeded oligoclusters. Seeded growth can be controlled by varying the ratio of hydroxylated gold (HG) vs. assynthesized oligocluster (Figure 1) . In both methods the size of particles can easily be predicted by choosing the right time delay (Figure 2A,  B) or by choosing the right starting seeds and the right ratio of added hydroxylated gold (HG) (Figure 2C) . Predictions for most useful particle sizes are presented ( Table 1 ). The increasing size of GSH derivatized oligoclusters can be monitored by electrophoresis as larger particles migrate less and appear notably darker, the later resulting from the fact that the extinction coefficient of gold nanoparticles increase in proportion to particle size.
The add-on method has two limitations, the first of which is the large reaction volumes required at high HG:seed ratios. A second limitation to the add-on method originates from the aforementioned fact that the hydroxylation of HAuCl 4 is an equilibrium reaction and does not go to completion. The incomplete hydroxylation of HAuCl 4 has minimal influence on the add-on reaction when the concentration of oligocluster seeds remains high. When the concentration of oligocluster seeds are low, as is the case when using long delay-time seed and high HG:seed ratios, the influence of unhydroxylated HAuCl 4 can become significant. Under these conditions HAuCl 4 is able to nucleate the synthesis of new oligoclusters, resulting in heterogeneous populations of oligoclusters.
The as-synthesized oligoclusters produced by delay-time or add-on method are stable for weeks, only developing trace amounts of gold precipitate. Even after being concentrated 300 fold the oligoclusters remain stable and resist aggregation. The gold oligoclusters described here also have the additional benefit of being able to be concentrated without prior derivatization, thus allowing expensive derivatizing agents to be used in smaller volumes. After being derivatized with glutathione (GSH), clusters remained stable up to one year. GSH-derivatization also provides strong negative charge 13 that makes them resist aggregation when exposed to physiological buffers or animal plasma, thus making them suitable for in vivo experiments. Derivatization can be achieved with a wide variety of thiol group containing reagents.
The amenability of the oligoclusters to derivatization with other thiol containing molecules 17, 18 allows convenient and easy modification of the surface monolayer, thus controlling surface chemistry and reactivity of oligoclusters. Other chemicals used in this protocol can be readily substituted for similar chemicals without impairing synthesis. This includes the substitution of borax with other alkaline buffers (e.g., carbonate) and sodium thiocyanate for other thiocyanate salts (e.g., KSCN).
The main attribute of this protocol is its simplicity, which must be emphasized. Only a milligram weight scale and magnetic stirrer is required to produce commercial quality gold oligoclusters which can be used for advanced biological and material applications. Broad applicability is aided by the broad range of sizes than can be produced and by monodispersity. Additionally, in house production is low cost.
The oligoclusters are particularly valuable for studies of permeability of basal membranes and blood barriers. They can be easily administrated with saline through different routes and tracked in vivo [19] [20] [21] . Obtained tissue samples can be subsequently examined under an electron microscope 16, 22 . Besides permeability, bio distribution provides valuable pharmacological information and the administration of mixture of oligoclusters of different sizes gives valuable information about size dependent distribution of particles inside the body [23] [24] [25] . Lastly, because of their unique structure they fail to manifest localized surface plasmon resonance (LSPR) perhaps making them ideal candidates for fluorescent labeling, which is not readily achievable in gold nanoparticles because interference between the LSPR and fluorophore results in almost complete quenching of fluorescence 26 .
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